Coronary bifurcations represent specific regions of the arterial tree that are susceptible to atherosclerotic lesions. While the effects of vessel compliance, curvature, pulsatile blood flow, and cardiac motion on coronary endothelial shear stress have been widely explored, the effects of myocardial contraction on arterial wall stress/strain (WS/S) and vessel stiffness distributions remain unclear. Local increase of vessel stiffness resulting from wall-strain stiffening phenomenon (a local process due to the nonlinear mechanical properties of the arterial wall) may be critical in the development of atherosclerotic lesions. Therefore, the aim of this study was to quantify WS/S and stiffness in coronary bifurcations and to investigate correlations with plaque sites. Anatomic coronary geometry and cardiac motion were generated based on both computed tomography and MRI examinations of eight patients with minimal coronary disease. Computational structural analyses using the finite element method were subsequently performed, and spatial luminal arterial wall stretch (LWStretch) and stiffness (LWStiff) distributions in the left main coronary bifurcations were calculated. Our results show that all plaque sites were concomitantly subject to high LW Stretch and high LWStiff, with mean amplitudes of 34.7 Ϯ 1.6% and 442.4 Ϯ 113.0 kPa, respectively. The mean LW Stiff amplitude was found slightly greater at the plaque sites on the left main coronary artery (mean value: 482.2 Ϯ 88.1 kPa) compared with those computed on the left anterior descending and left circumflex coronary arteries (416.3 Ϯ 61.5 and 428.7 Ϯ 181.8 kPa, respectively). These findings suggest that local wall stiffness plays a role in the initiation of atherosclerotic lesions. atherosclerosis; coronary disease; wall stiffness; wall stress; biomechanics; computed tomography; magnetic resonance imaging ATHEROSCLEROSIS is a chronic inflammatory disease with systemic manifestations (12, 30) . Although the coronary and peripheral systems in their entirety are exposed to the same atherogenic cells and molecules in the plasma, atherosclerotic lesions form at specific regions of the arterial tree. Such lesions appear in the vicinity of branch points, the outer wall of bifurcations, and the inner wall of curves (8, 18, 43) . In a pathological study of human coronary lesions, Kolodgie et al. (24) found that healed plaque ruptures were predominantly found in the proximal portions of the left anterior descending (LAD), right coronary (RCA), left circumflex (LCx), and left main (LM) arteries.
ATHEROSCLEROSIS is a chronic inflammatory disease with systemic manifestations (12, 30) . Although the coronary and peripheral systems in their entirety are exposed to the same atherogenic cells and molecules in the plasma, atherosclerotic lesions form at specific regions of the arterial tree. Such lesions appear in the vicinity of branch points, the outer wall of bifurcations, and the inner wall of curves (8, 18, 43) . In a pathological study of human coronary lesions, Kolodgie et al. (24) found that healed plaque ruptures were predominantly found in the proximal portions of the left anterior descending (LAD), right coronary (RCA), left circumflex (LCx), and left main (LM) arteries.
The coronary arterial wall is constantly subjected to both flow-induced shear stress and wall strain/stress (WS/S) by blood pressure and myocardial contraction. Low or oscillatory endothelial shear stress (ESS) is not the only mechanical stimulus that promotes the inflammatory process by inducing an oxidative response in vascular endothelial cells (ECs) (27) . Several biological studies (26, 28, 29) performed on cultured ECs have reported that, above an endothelial cyclic stretch threshold of Ͼ10%, EC sensitivity to shear stress increases, lowering the threshold beyond which ESS induces structural responses. Thus, vascular remodeling (an adaptive process characterized by modified blood vessel morphology and function, allowing the vessel to cope with physiological or pathological conditions) is to be viewed not as a simple consequence of ESS alone but rather as a response to alterations in ESS and other mechanical factors.
In addition to mechanical forces induced by pulsatile blood flow, coronary arteries undergo severe strain during the cardiac cycle, as they are embedded within the myocardium (37) . While the effects of vessel compliance (19) , curvature (44) , blood flow (36) , and cardiac motion on coronary ESS have been widely explored (46) , the effects of myocardial contraction on arterial WS/S distributions remain unclear. Surprisingly, no biomechanical studies have yet quantified WS/S distributions resulting from blood pressure and myocardium contraction acting together.
Like most biological materials, vascular wall stiffens as it is stretched. This nonlinear elastic response may be critical for the biological function of ECs and smooth muscle cells (SMCs). It was therefore hypothesized that local wall-strain stiffening phenomena [a local process resulting from increased local coronary wall stiffness, with strain due to the nonlinear mechanical properties of the arterial wall (17) ] might, in addition to low ESS and cyclic stretch, be a complementary factor for plaque location in coronary bifurcations. The present clinical and biomechanical study was designed to examine this hypothesis.
From a population of patients with minimal coronary disease who had undergone both computed tomography (CT) and MRI examinations, we reconstructed LM bifurcation geometries and quantified the kinematic constraints imposed on the coronary branches by the myocardium during the cardiac contraction. Using these three-dimension reconstructions and kinematic measurements, nonlinear computational structural analysis (CSA) was performed to investigate the effects of cardiac motion and blood pressure on spatial luminal arterial wall stretch (LW stretch ) and stiffness (LW stiff ) distributions in LM bifurcations. This approach enabled correlations among LW Stretch , LW Stiff , and plaque sites to be investigated.
METHODS
Clinical population. From a population of coronary disease patients, coronary multidetector CT angiography (MDCTA) was performed using a 16-MDCT scanner (Brilliance 16, Philips Healthcare) and imaged on a Philips 3T system (Philips Medical Systems, Best, The Netherlands) using a six-element cardiac phased-array receiver coil and vector electrocardiographic gating. Several patients with luminal stenosis of close to 50% at the LM bifurcation were identified and subsequently enrolled for this study. To detect atherosclerotic lesions, postprocessing analysis and interpretation of the axial and the multiplanner reformatted images were performed on a 3-D software tool (Virtual Place, AZE, Tokyo, Japan). All patients gave signed informed consent for the study, which was approved by the local institutional review board and was compliant with Health Insurance Portability and Accountability Act regulations.
CT image analysis and 3-D coronary bifurcation reconstruction. Coronary MDCTA was performed on all patients. The coronary MDCTA protocol was similar to previously described techniques using identical equipment (9, 13). Briefly, 50 -100 mg of oral metoprolol was given 30 -60 min before coronary MDCTA when needed to lower the heart rate below 65 beats/min (13) and was administered successfully in all patients. Nitroglycerin was not used. Coronary MDCTA was performed using a tube voltage of 120 kV and current of 400 -500 mAs with a 220-mm field of view and retrospective ECG gating without dose modulation. Nonionic contrast material (70 -130 ml iopamidol, Isovue, Bracco Diagnostics) was injected through an 18-to 20-gauge peripheral venous access at a rate of 4 -5 ml/s followed by 50 ml of normal saline at the same injection rate. ECG gating allowed images to be reconstructed for each of 10 equidistant phases of the cardiac cycle. Postprocessing, analysis, and interpretation of the axial and multiplanner reformatted images were performed with a 3-D software tool (Virtual Place, Aze).
From the diastolic CT sequence of each patient, the centerlines of the LM, LAD, and LCx and the spatial distribution of the lumen radius were automatically digitized using the 3-D Virtual Place software tool (Aze). The centerline of a vessel was defined as the line between the luminal centroids of each two-dimensional vascular cross section (Fig. 1A) . Polynomial interpolations were made on each centerline to extract the bifurcation point (i.e., the intersection point of the three centerlines) needed for the 3-D reconstruction process (Fig.  1B) . Based on the CT images, 3-D reconstructions of the coronary bifurcations were numerically modeled assuming a circular crosssectional lumen area (Fig. 1B) and constant wall thickness. For purposes of finite element (FE) computations, to avoid any singularities induced by nonuniform surface reconstruction, b-spline surfaces were performed using the 3-D design software SolidWorks (Dassault, SolidWorks, France; Fig. 1C ). Such reconstructed surfaces exhibit better continuity between adjacent cross sections. Since our study focused on early lesions, from all enrolled patients, subjects with minimal luminal stenosis (i.e., Ͻ20%) ,as determined by the reconstructed 3-D coronary bifurcation geometries, were maintained in the study and subjected to further analysis.
Advantage of considering patients with minimal atherosclerotic lesions. According to Glagov et al. (14) , coronaries enlarge in response to lesion growth, whereas atherosclerotic lesion lumen area, on the other hand, remains almost constant until the percentage of vessel remodeling exceeds ϳ40%. The present study focused on LM bifurcation during the initiation and early progression of arterial disease; therefore, patients with more severe stenosis were discarded. Luminal geometries in such minimal lesions were considered quasinormal, since we assumed that they were still at the stage of lumen area compensation (14, 35) . Thus, using this set of bifurcations and assuming constant arterial wall thickness, we reconstructed the associated idealized healthy coronary bifurcation geometry for each patient. CSAs were then performed on these idealized nonpathological bifurcations. The sites of small atheroma plaques, detected by radiologists and cardiologists during clinical examination, were considered as regions of interest (i.e., with a high risk of atherosclerosis) in which the computational results were analyzed.
MRI analysis and motion of the basal heart segment. The MRI analysis was restricted to the basal left ventricular (LV) segment, corresponding to the region of interest with regard to the LM bifurcation. A tagging protocol was performed on the four-chamber view and on both proximal and distal short-axis views of the basal LV segment during the ejection phase (Fig. 2) . Cardiac motion was analyzed using harmonic phase MRI software Diagnosoft (Diagnosoft). Mean rotational displacements were measured from tagging sequences of the proximal and distal short-axis views of the basal LV segment (Fig. 2, A and B) . These proximal and distal views were also used to quantify mean radial epicardial displacement by measuring variations in cross-sectional LV area from diastole to systole, assuming circular LV cross sections. A tagging sequence of the fourchamber view was also performed on the septum to quantify strain amplitude along the long axis of the heart (Fig. 2D) .
CSA. Structural static FE computations were performed on reconstructed coronary bifurcations using Abaqus software (Abaqus, Dassault Systèmes). The arterial wall was meshed with quadrangular (eight-node) solid elements (Fig. 1D) . The intima-media and adventitia layers were both assumed to have equal thicknesses (300 m) for CSA simulation. The FE models were solved under the assumption of finite strains. The mechanical behavior of the intima-media and adventitia was modeled using a distinct nonlinear incompressible anisotropic hyperelastic material characterized by the following strain-energy function W (17):
where , k1, and k2 are material constants, refers to the degree of wall anisotropy (0 Յ Յ 1; Table 1 ), and I1 and I4 are the first and fourth invariants of the strain tensor, respectively (17) . It is noteworthy that the anisotropic direction is fully determined by a geometrical parameter (), i.e., the angle between the fibers and the circumferen- D: apical four-chamber view of the heart highlighting the septal basal segment in which axial strain was measured. The trajectories of the tagged particles used to extract the evolution of the septal axial strain during the cardiac cycle are also shown. RV, right ventricle. E: plot of LV twist over time for proximal and distal slices. F: axial strain measured during the cardiac cycle in the septum of the basal LV segment. All these measurements were performed on patient 3. The arrow at the time axis indicates the end-systolic time. , k1, and k2 are material constants; refers to the degree of wall anistropy (0 Յ Յ 1). is the angle between the fibers and the circumferential direction of the vessel.
tial direction of the vessel (Table 1) . A mean blood pressure of 13.3 kPa (100 mmHg) was considered for the purposes of computation. Cardiac motion was imposed on the adventitia region of the coronary bifurcation in contact with the myocardium. This attachment constraint has been modeled by prescribing axial strains (i.e., in the direction of the long axis of the LV) in all nodes located along the coronary/myocardium junction. Simulations were performed to analyze the influence of both heart motion and blood pressure on the spatial stress/strain and stiffness distributions in the luminal arterial wall of the coronary bifurcations. LW Stiff was defined by the following ratio: LWStiff ϭ VM/LWStretch between the local von Mises stress VM (or effective stress; VM ϭ ͙ 3S ij S ij ⁄ 2, where Sij are the components of the deviatoric stress tensor) and the corresponding local effective Lagrangian stretch LWStretch ϭ ͙ 2e ij e ij ⁄ 3 (where eij are the components of the deviatoric strain tensor). To evaluate the sensitivities of LW Stiff to the mechanical properties of the arterial wall and to the heart motion, additional computations were performed.
Bifurcation regions of interest and statistical analysis. Since the main assumption underlying our study is that a combination of high LW Stiff with low ESS may be critical in the development of atherosclerotic lesions, we performed an analysis of the correlation between LW Stiff and plaque sites by considering arterial wall regions likely to experience low ESS. Such zones correspond to sites opposite to the flow divider (7, 20) . Therefore, we quantified mean LW Stiff in each of these regions. This quantification was performed in the following way. All coronary bifurcation geometries were divided into five regions: one LM (the full LM segment) and two LAD and two LCx half-sectioned segments (which are the proximal and distal sites of the LAD and LCx) opposite to the flow divider. Correlations were analyzed using a commercially available software package (SigmaStat 3.5, Systat Software, Point Richmond, CA). Regressions with P values of Ͻ0.05 were considered statistically significant.
RESULTS
Population, plaque characteristics, and location. LM bifurcations of eight patients were identified for the study. All subjects underwent CT examination, with only four patients receiving both CT and MRI examinations. Clinical analysis of the CT sequences to detect plaques and their location was performed on eight patients by two clinicians (Table 2) . These subjects (6 men and 2 women; mean age: 48.8 Ϯ 9 yr, range: 40 -67 yr) had coronary disease but without significant atherosclerosis at the LM bifurcation located in LAD, LCx, and LM segments ( Table 2 and Fig. 3) . One subject showed a lesion at the flow divider site (patient 3; Fig. 3) .
3-D bifurcation reconstructions. The 3-D coronary bifurcation geometries were successfully reconstructed from CT images of all eight patients (Fig. 4) . The mean length of the bifurcation (defined as the axial length, i.e., the projection of the consecutive LM ϩ LAD segments onto the long axis of the LV) was 48.8 Ϯ 4.4 mm.
Motion of the basal LV segment. To track the motion of the basal LV segment, MRI tagging protocols were performed on four subjects (patients 1, 2, 3, and 5; Table 2 ). Figure 5 shows the kinematics results obtained during the LV ejection phase. The systolic amplitudes of mean radial displacement and twist, measured at proximal and distal cross sections of the basal LV segment, appeared to be of the same order of magnitude, indicating that the LM bifurcations were subject to a global radial and circumferential motion that would not significantly distort the coronary branches. However, the measurements pointed to a significant axial distortion (with respect to the long LV axis) of the basal LV segment during myocardial contraction (Fig. 5) . Thus, the LM bifurcations were mainly subject to axial strain, with a mean amplitude of Ϫ13.9 Ϯ 8.9% (ranging from Ϫ4.3% for patient 3 to Ϫ25.4% for patient 5; Fig. 5 ). Therefore, in our CSA simulations, only the epicardial axial displacement field was considered to mimic the kinematic constraints imposed by the epicardium on the branches of the coronary bifurcation. For patients not examined by MRI (patients 4, 6, 7, and 8; Table 2 ), a mean axial strain of Ϫ13.9% (Fig. 5 ) was used to simulate the effect of the myocardial contraction on LM bifurcations.
Influence of heart motion on spatial LW Stiff distribution. Two distinct CSAs were performed on the coronary bifurcation of patient 8 to investigate the effects of myocardial contraction on the spatial distributions of LW Stretch and LW Stiff . When CSA was performed with pressure alone (i.e., neglecting cardiac motion), the spatial distributions of LW Stretch (not shown) and LW Stiff (Fig. 6A ) remained quite uniform except at one location near the bifurcation site. However, when axial distortion imposed by the myocardium on the bifurcation was incorporated in addition to blood pressure, spatial LW Stretch (not shown) and LW Stiff (Fig. 6B) distributions became very heterogeneous, highlighting specific regions of distinct rigidity.
LW Stiff distributions. Figure 6B shows a detailed example of the CSA results obtained for patient 8. The results shown in Fig. 6B clearly highlight several lumen regions of high LW Stiff (Ͼ300 kPa), located in the distal LAD and proximal LCx facing the flow divider, and also in the LM branch and at the flow divider site itself. Let us mention that the initial LW Stiff amplitude (i.e., for the nonloaded coronary bifurcation) was close to 10 kPa. Remarkably, such zones of high stiffness concentration correlate with clinically identified lesion sites All patients underwent computed tomography examination. The digits "1" and "0" indicate the presence or absence of lesion, respectively. *No clinical plaque detection examination was performed for patient 4. However, this patient was nevertheless selected, since the spatial distribution of the luminal radius obtained from computed tomography examination revealed that the left main coronary artery (LM) bifurcation was without significant luminal stenosis. LAD, left anterior descending coronary artery; LCx, left circumflex artery. (Fig. 6C) . Moreover, our results show that, in all studied cases, the stress and LW Stiff maps have similar spatial distributions. In other words, sites with high LW Stiff were also found to be sites with high stress. Similarly, sites with low LW Stiff were found to have low stress (Supplemental Fig. S1 ). . By performing the statistical analysis on the combo group LAD ϩ LCx, we also found a significant correlation (P ϭ 0.004) with greater mean LW Stiff at lesion sites (314.0 Ϯ 69.12 kPa) than at sites without plaque (237.12 Ϯ 59.23kPa). Moreover, since only one case (patient 2) did not exhibit a lesion at the LM branch, it was not possible to perform a Student's t-test between the two groups, i.e., with lesions versus without lesions, respectively. However, the mean LW Stiff value computed for LM segments with plaques was found to be greater (383.83 Ϯ 70.28 kPa) than those computed at LAD and LCx segments with lesions.
Correlation between LW Stiff and stretch at plaque sites. Due to the nonlinear elastic behavior of the arterial wall, analysis of the correlation between peak LW Stiff amplitudes and their associated peak LW Stretch values (quantified in each of the lesion sites) revealed a significant nonlinear correlation (LW Stiff ϭ 7.14e 11.76LW Stretch kPa, R 2 ϭ 0.81; Fig. 8A ). According to this nonlinear luminal stiffness-strain law, initial LW Stiff increases exponentially from ϳ10 kPa (for stretch smaller than 5%) to values exceeding 300 kPa (for stretch amplitudes larger than 32%). Interestingly, the results indicated that all lesions were located in specific regions of high peak LW Stiff (300 kPa Ͻ LW Stiff Ͻ 800 kPa; Fig. 8A ). The results in fact show that all sensitive sites, i.e., sites where small lesions were found, were concomitantly subject to high peak LW Stretch and high peak LW Stiff , with mean amplitudes of 34.7 Ϯ 1.6% and 442.4 Ϯ 113.0 kPa, respectively (Fig. 8, B and C) . The mean peak LW Stiff amplitude was found slightly higher at the plaque sites on the LM branch (mean value: 482.2 Ϯ 88.1 kPa) compared with those computed on the LAD and LCx (416.3 Ϯ 61.5 and 428.7 Ϯ 181.8 kPa, respectively; Fig. 8C) .
Sensitivity of LW Stiff to the material properties of the arterial wall. We analyzed the sensitivity of wall stiffness values to large changes of media mechanical behavior. Since k 2 (Eq. 1) is the main parameter driving the increase of wall stiffness with strain, we restricted our sensitivity analysis based on this material constant only. Computations were performed by varying the initial values of k 2 (k 2 ϭ 8.21) from Ϫ39.8% to ϩ39.8%, which correspond to the variations induced by considering the associated SD of the experimental measurements obtained by Holzapfel et al. (17) . This analysis was conducted on patient 8, with variations of mean LW Stiff amplitudes computed at different locations along the LM segment and at proximal and distal sites of the LAD and LCx segments (Fig.  7A) . We found that the mean LW Stiff amplitude increases almost linearly within the considered range of material constant variation (Supplemental Fig. S2 ). Such results indicate that similar spatial wall stiffness distributions were found when varying the material parameter k 2 . So, deviation in this material constant value [within the range found by Hozapfel et al. (17) ] would not modify our primary conclusions regarding the wallstrain stiffening phenomenon.
Sensitivity of LW Stiff to LV axial strain amplitude. Regarding the impact of variation of the LV motion on LW Stiff , a sensitivity analysis was performed on patient 8 by considering the response to minimal axial strain we measured over our patient population, i.e., Ϫ4.98%. The sensitivity of LW Stiff amplitudes to changes in axial strain amplitude was evaluated with respect to the reference simulation performed with the mean values of the axial strain (i.e., Ϫ13.90%). As expected, our simulations shown that the intensity of the LV axial strain modulates the amplitude of the local increase of vessel stiffness resulting from the wall-strain stiffening phenomenon. Moreover, the simulations performed with Ϫ4.98% and Ϫ13.90% of axial strain amplitudes highlighted similar spatial gradient distributions of LW Stiff (Supplemental Fig. S3 ). So, considering the mean LV axial strain value of Ϫ13.90% for the CSA performed on patients who were not examined by MRI would not significantly modify the main findings of this study regarding the wall-strain stiffening phenomenon.
Sensitivity of LW Stiff to arterial wall thickness. The sensitivity of LW Stiff to changes in wall thickness was also investigated. From the literature, it has been reported that thickness variations along the length of a healthy coronary artery are in the order of Ϯ10% (15); therefore, we restricted our sensitivity analysis by varying the reference arterial wall thickness (equal to 600 m) from 540 to 660 m. The intima-media and adventitia layers were both assumed to have equal thicknesses in our simulations. This analysis was conducted on patient 8. Fig. 5 . LV radial displacement, twist, and axial strain measured on the basal LV segment using the MRI tagging technique during the LV ejection phase. "Proximal" and "distal" refer to the proximal and distal short-axis sections of the basal LV segment, respectively. A schematic view of the basal LV segment with the LM bifurcation is also shown to illustrate the measured LV proximal radial displacement (bold arrows), LV twist (curved arrow), and LV axial strain (dashed arrows), for which a negative sign indicates a compressive effect. The orientation of the curved arrow indicates a positive LV twist.
The relative mean wall stiffness variations were evaluated with respect to the reference simulation. Our results showed that the mean wall stiffness variation did not significantly change (Ͻ4%; data not shown) by varying the arterial wall thickness. So, a deviation in arterial wall thickness value [within the range of Ϯ10% measured by Gradus-Pizlo et al. (15)] would not significantly alter our conclusions regarding the wall-strain stiffening phenomenon.
DISCUSSION
The present in vivo study is the first to investigate the contribution of myocardial contraction onto the initiation of atherosclerotic lesion in coronary bifurcations. Our analysis provides theoretical foundations suggesting that the wall strain stiffening resulting from the nonlinear mechanical properties of the arterial wall, induced by the myocardial contraction, is an additional process contributing to the initiation of atherosclerotic lesions. Even if it is now accepted that the elasticity of the coronary arterial wall is highly nonlinear, since a small variation in stretch induces a large increase in stress and wall stiffness (17) , it is indeed the first time that a significant correlation between spatial distribution of LW Stiff and early plaque locations is highlighted in human LM bifurcations. More precisely, our study demonstrated the existence of a critical range of LW Stiff (between 300 and 800 kPa) that may, in addition to low ESS and cyclic stretch, be a precondition for atherosclerosis.
Interestingly, two decades ago, a study by Thubrikar and Robicsek (39) investigated the hypothesis that high wall stress and the accompanying strain are the primary factors responsible for the initiation of atherosclerotic lesions. By performing FE analysis on postmortem bovine coronary artery bifurcation geometries, the authors found a correlation between areas of pressure-induced high stress and the occurrence of atherosclerotic lesions (40) . Similarly, Carnell et al. (6) spatial distribution of stress in mesenteric hypertensive bifurcations of rats, highlighting significant correlations between intramural stress and monocyte and macrophage densities. These studies agree with the results of the present study since, according to the wall strain-stiffening phenomenon, high stress sites also correspond to stiffer sites in the arterial wall.
Our finding suggesting that local wall stiffness plays a role in the initiation of atherosclerosis lesions appears to be in agreement with other clinical (1, 32) , biological (2, 10) , and animal (42) studies. Interestingly, the animal study performed by Van Herck et al. (42) showed that an increase of arterial stiffness promotes plaque development. In their study, the effect of increased arterial stiffness on atherosclerosis was investigated by feeding a Western-type diet for 10 or 20 wk apolipoprotein E (ApoE)-deficient (ApoE Ϫ/Ϫ ) and ApoE Ϫ/Ϫ C1039G Ϫ/Ϫ mice with mutation in the fibrillin-1 gene. After 10 wk of diet, they found significant changes in the mechanical properties of the mouse aorta. Compared with the ApoE Ϫ/Ϫ population, the mechanical properties of the aorta in ApoE
ϩ/Ϫ mice were found to be stiffer with a more pronounced nonlinear mechanical behavior causing a faster increase of the wall stiffness with blood pressure [see Fig. 1B of Van Herck et al. (42) ]. In addition, their results showed a significant correlation between increase of arterial wall stiffness in atherosclerotic mice and plaque development.
The initiation, development, and progression of atherosclerotic plaques in vivo is a highly complex process, modulated by systemic risk factors but also triggered locally by the interplay of mechanical factors as local stress, strain, stiffness, and arterial wall remodeling, which contribute to the distribution map of atherosclerotic lesions along the arterial tree. Our findings may provide better insights to understand the mechanisms triggering the initiation of atherosclerotic lesions.
It is now well documented that cell motility (31, 41), morphology (45) , stiffness (3, 38) , proliferation (22) , and gene expression profiles and differentiation (11) are critically influenced by substrate rigidity. In this context, arterial wall stiffening by myocardial contraction may induce atherosclerotic lesion in several ways, with a few scenarios emerging. Cell stiffening induced by substrate stiffness (38) is particularly important in arterial wall, as nitric oxide production by vascular ECs has been shown to decrease with an increase in substrate stiffness (4, 23) . This could have a detrimental effect on the vascular wall, since nitric oxide has atheroprotective, i.e., anti-inflammatory and antiproliferative, effects. Another potential scenario is that substrate stiffness modifies tissue cohesion (16) and EC monolayer integrity (25) . Traction forces between cells and between the cell and substrate were larger on stiffer substrates, so that substrate stiffening promotes gap formation between ECs, thus disrupting the overall monolayer cohesion (25) . Such stiffness-dependent changes of endothelium integrity would play a central role in atherosclerotic lesion and plaque development since leaky junctions within the EC monolayer are highly correlated with increased permeability to LDL transport (5) .
Study limitations. Although this study presents original and potentially promising concepts for the identification of atherosclerosis sites, several limitations exist.
First, despite our simulations being based on real coronary bifurcation geometries derived in vivo from CT scans, plaque residual stress (34) was not taken into consideration, since no in vivo techniques presently exist to quantify it. Even so, while residual strain may decrease the LW Stiff amplitude, the stiffness heterogeneity distribution induced by cardiac motion will remain similar.
Second, an important study limitation remains the performance of the 16-MDCT scanner used to detect early atherosclerotic lesions and to reconstruct the 3-D luminal coronary bifurcation geometries. Indeed, it is known that MDCT detects lesions if luminal stenosis is larger than 50% (21) . However, to enter the study, a threshold of Ͻ50% stenosis by visual analysis of the MDCT coronaries was used. Afterward, a 3-D reconstruction was used to evaluate the lesions, and only the Fig. 8 . A: graph highlighting the nonlinear correlation found between peak luminal wall stretch and stiffness at all lesion sites. The shaded area (corresponding to a domain with luminal stiffness and stretch ranging from 300 to 800 kPa and 30% to 40%, respectively) is the "critical luminal stiffness zone" in which all atheromatous lesions (n ϭ 18) were found. B and C: graphs showing amplitudes of luminal wall stretch (B) and stiffness (C) at LM, LAD, and LCx atheromatous lesion sites. coronary segments with Ͻ20% estimated stenosis were used for the analysis.
Finally, a small number of patients having both CT and MRI examinations were considered in this work. Further studies are needed to extend and strengthen the present findings to other coronary branches, but local LW Stiff could be a new prognostic factor to consider for plaque initiation and, more generally, a key element for improving our understanding of how mechanical factors modulate and control the morphological evolution of atheromatous plaques.
Relevance for other clinical applications. The identification of high-risk zones for atherosclerosis will lead to future advances in vulnerable plaque detection technology and, potentially, to locally oriented preventive strategies. Although further studies are needed to extend the present work, our results suggest that arterial stiffness enhances the progression of atherosclerosis.
